We evaluate a new method for measuring the presampled modulation transfer function (MTF) using the noise power spectrum (NPS) obtained from a few flat-field images acquired at one exposure level. The NPS is the sum of structure, quantum, and additive instrumentation noise, which are proportional to exposure squared, exposure, and a constant, respectively, with the spatial-frequency dependence of the quantum noise depending partly on the detector MTF. Cascaded linear-systems theory was used to derive an exact and generic relationship that was used to isolate noise terms and enable determination of the MTF directly from the noise response, thereby circumventing the need for precision test objects (slit, edge, etc.) as required by standard techniques. Isolation of the quantum NPS by fitting the total NPS versus exposure obtained using 30 flat-field images each at six or more different exposure levels with a linear regression provides highly accurate MTFs. A subset of these images from indirect digital detectors was used to investigate the accuracy of measuring the MTF from 30 or fewer flat-field images obtained at a single exposure level. Analyzing as few as two images acquired at a single exposure resulted in no observable systematic error. Increasing the number of images analyzed resulted in an increase in accuracy. Fifteen images provided comparable accuracy with the most rigorous slope approach, with less than 5% variability, suggesting additional image acquisitions may be unnecessary. Reducing the number of images acquired for the noise response method further simplifies and facilitates routine MTF measurements.
INTRODUCTION
The modulation transfer function (MTF) is the most widely accepted objective measure of the spatial resolution response of medical x-ray imaging detectors. The MTF has proven to be a valuable tool for determining and comparing detector performance. To measure the MTF, the slit 1 and edge 2 response methods are the two most commonly used techniques with the edge response (ER) method being preferred (with adoption by the IEC) 3 for reasons that include simpler construction and less sensitivity to misalignment. However, it is well documented that the ER method is also vulnerable to a host of potential problems which could influence the measurement and result in inaccuracies. Inaccuracies may result from errors in the calculated edge angle, noise, influences of scattered radiation, use of finite-element differentiation, profile misregistration and phasing errors, truncation of the LSF tails and incorrect normalization, and windowing and processing. 2, [4] [5] [6] [7] [8] Difficulties also arise when comparing measurements with published results of other investigators, as slight differences in object, acquisition, and/or processing techniques could easily alter the results. 9, 10 Significant variations have even been shown to occur when different individuals measured the MTF of the same data set. 11 Further, standard methods are inherently one-dimensional and cannot measure the MTF at angles larger than a few degrees relative to the pixel matrix. The aim of this work is to continue development of a new and simple method for measurement of the MTF of digital radiographic systems that is highly-accurate and less susceptible to such influences, by using the intrinsic noise response of the imager. 12, 13 We have recently developed the noise response (NR) method, which determines the detector MTF using only flat-field images. 12, 13 The NPS is the sum of structure, quantum, and additive instrumentation noise, which are proportional to exposure squared, exposure, and a constant, respectively, with the spatial-frequency dependence of the quantum noise depending partly on the detector MTF. Cascaded linear-systems theory was used to derive a general relationship that can be used to isolate noise terms and enables determination of the MTF directly from the noise response, thereby circumventing the need for precision test objects (slit, edge, etc.) as required by standard techniques. Isolation of the quantum NPS by fitting the total NPS versus exposure obtained using 30 flat-field images each at six or more different exposure levels with a linear regression has been shown to provide highly accurate MTFs on a variety of indirect detector technologies. 13 To further simplify the NR method, a subset of these images was used to investigate the accuracy of measuring the MTF from 30 or fewer flat-field images obtained at a single exposure level.
MATERIALS AND METHODS
A cascaded-linear systems analysis was used to develop an exact relationship between the noise power spectrum (NPS) and the presampled MTF for a generalized indirect, energy integrating detector system. This relationship was then utilized to determine the presampled MTF from the noise response alone (i.e. using no test object) as described in sections 2.1 and 2.2. The NPS has the following general form 13, 14 , ,
where f is the spatial frequency, X is the detector entrance exposure, NPS STRUCTURE (f, X 2 ) is the structure noise, Δx is the pixel width, is the effective system gain in units of digital number (DN) per absorbed x-ray photon, A S (f) is the frequency-dependent Swank noise factor, 15 T sys is the system MTF, g 4 is the electron-to-digital-number conversion factor, Φ 4 (X) is the digital output signal at zero-frequency and exposure X, and NPS ADD (f) is the additive electronic noise. The NPS consists of additive contributions from structure noise that scales with X 2 , which is negligible in images corrected for variations in detector sensitivity; 13 quantum noise that scales with X, which includes the sum of primary quantum and Poisson excess noise (given by the first term in the brackets in Eq. 1) and secondary quantum noise (given by the second term in the brackets in Eq. 1); and additive electronic noise, which is independent of exposure. For simplicity, this work considers only the one-dimensional MTF. In previous work, we have demonstrated that the twodimensional MTF can also be readily measured using the NR method and the two-dimensional NPS. 12 The NPS of other detector technologies (e.g., those used in CR) have been shown to have the same form as Eq. (1), suggesting this approach is not limited in scope. 16 Measurements were done on an indirect flat panel detector (Varian, Palo Alto, CA) with a 600 µm CsI:Tl phosphor and 194 µm pixels and a custom built high-resolution, high-sensitivity solid state x-ray image intensifier (SSXII) with a 350 µm CsI:Tl phosphor and 32 µm pixels. 14, [17] [18] [19] An average of at least three measurements were taken in each instance and the standard deviation was used to represent the "accuracy" or variability of the measurement.
"Slope" approach
Thirty flat-field images were acquired at six different detector entrance exposure levels, spanning a majority of the dynamic range of the detectors. NPS measurements were done as prescribed by the IEC, using a standardized x-ray spectrum (RQA 5) and measurement geometry. 3 Frequencies were sampled at an interval spacing of f N /128, where f N represents the Nyquist frequency of the detector. A linear regression fitted to a plot of NPS(f) versus signal was used to separate the quantum and additive noise with the slope representing the quantum noise per unit signal [Eq. (1)] at each spatial frequency f. The system MTF [T SYS (f)] was then determined, from the quantum noise component of the NPS. The functional form of T SYS (f) was assumed to be a single Gaussian, which has been derived based on considerations of physical systems 
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